Mycobacterium leprae, which has undergone reductive evolution leaving behind a minimal set of essential genes, has retained intervening sequences in four of its genes implicating a vital role for them in the survival of the leprosy bacillus. A single in-frame intervening sequence has been found embedded within its recA gene. Comparison of the M. leprae recA intervening sequence with the known intervening sequences indicated that it has the consensus amino acid sequence necessary for being a LAGLI-DADG-type homing endonuclease. In light of massive gene decay and function loss in the leprosy bacillus, we sought to investigate whether its recA intervening sequence encodes a catalytically active homing endonuclease. Here we show that the purified M. leprae RecA intein (PI-MleI) binds to cognate DNA and displays endonuclease activity in the presence of alternative divalent cations, Mg 2؉ or Mn 2؉ . A combination of approaches, including four complementary footprinting assays such as DNase I, copper-phenanthroline, methylation protection, and KMnO 4 , enhancement of 2-aminopurine fluorescence, and mapping of the cleavage site revealed that PI-MleI binds to cognate DNA flanking its insertion site, induces helical distortion at the cleavage site, and generates two staggered double strand breaks. Taken together, these results implicate that PI-MleI possesses a modular structure with separate domains for DNA target recognition and cleavage, each with distinct sequence preferences. From a biological standpoint, it is tempting to speculate that our findings have implications for understanding the evolution of the LAGLIDADG family of homing endonucleases.
Mycobacterium leprae, a Gram-positive rod-shaped bacillus, mostly found in warm tropical countries, is the bacterium that causes leprosy in humans (1) . The lack of understanding of the basic biology of M. leprae is believed to be the key factor for the failure of leprosy research to advance. The genome sequence of M. leprae contains 3.27 Mb and has an average G ϩ C content of 57.8%, values much lower than the corresponding values for Mycobacterium tuberculosis, which are ϳ4.41 Mb and 65.6% G ϩ C, respectively (2) . There are some 1500 genes that are common to both M. leprae and M. tuberculosis. The comparative genome analysis suggests that both species of mycobacteria are derived from a common ancestor and, at one stage, had gene pools of similar size. The downsizing of the M. tuberculosis genome from ϳ4.41 to 3.27 Mb of M. leprae would account for the loss of some 1200 protein-coding sequences (1, 3) . There is evidence that many of the genes that were present in the genome of M. leprae have truly been lost (1, 3) . Comparative genomics of M. leprae with that of M. tuberculosis indicate that the former has undergone substantial downsizing, losing more than 2000 genes, thus suggesting an extreme case of reductive evolution in a microbial pathogen (1) . With the availability of the M. leprae genome sequence, using functional genomics approaches, it is possible to identify the gene products, elucidate the mechanism of their action, and identify novel drug targets for rational design of new therapeutic regimens and drugs to treat leprosy.
Eubacterial RecA proteins catalyze a set of biochemical reactions that are essential for homologous recombination, DNA repair, restoration of stalled replication forks, and SOS response (4 -7) . RecA protein and the process of homologous recombination, which is the main mechanism of genetic exchange, are evolutionarily conserved among a range of organisms (4, 7) . Perhaps the most striking development in the field of RecA protein biology was the discovery of an in-frame insertion of an intein-coding sequence in the recA genes of M. tuberculosis and M. leprae (8, 9) . In these organisms, RecA is synthesized as a large precursor, which undergoes protein splicing to excise the intein, and the two flanking domains called exteins are ligated together to generate a functionally active RecA protein (9, 10) . The milieu in which RecA precursor undergoes splicing differs substantially between M. tuberculosis and M. leprae. M. leprae RecA precursor (79 kDa) undergoes splicing only in mycobacterial species, whereas M. tuberculosis RecA precursor (85 kDa) is spliced efficiently in Escherichia coli as well (9 -11) . Intriguingly, M. tuberculosis and M. leprae RecA inteins differ greatly in their size, primary sequence, and location within the recA gene, thereby suggesting two independent origins during evolution (9) . The occurrence of inteins in the obligate mycobacterial pathogens, M. tuberculosis, M. leprae, and Mycobacterium microti, suggested that RecA inteins might play a role in mycobacterial functions related to pathogenesis or virulence (9) . Previously, we have shown that M. tuberculosis RecA intein (PI-MtuI), 2 which contains Walker A motif, displays dual target specificity in the presence of alternative cofactors in an ATP-dependent manner (12, 13) .
Since their discovery in Saccharomyces cerevisiae (14, 15) , a large number of putative homing endonucleases have been found in a diverse range of proteins in all the three domains of life (16 -19) . The majority of inteins possess the protein splicing and homing endonuclease activities (18, 19) . Homing endonucleases are a class of diverse rare-cutting enzymes that promote site-specific transposition of their encoding genetic elements by inflicting double-stranded DNA breaks via different cleavage mechanisms in alleles lacking these elements (18 -23) . In addition, these are characterized by their ability to bind long DNA target sites (14 -40 bp) , and their tolerance of minor sequence changes in their binding region. These have been divided into highly divergent subfamilies on the basis of conserved sequence and structural motifs as follows: LAGLI-DADG, GIY-YIG, HNH, His-Cys box, and the more recently identified PD(D/E)XK families (18 -24) . LAGLIDADG homing enzymes, which include the largest family, contain one or two copies of the conserved dodecapeptide motif and utilize an extended protein-DNA interface covering up to 40 bp to acquire their necessary specificity (18 -22) . The LAGLIDADG sequence is a part of the conserved 10-or 12-residue sequence motif defining the family of LAGLIDADG-type homing endonucleases; therefore, it is designated as deca-or dodecapeptide motif (19) .
Comparison of the M. leprae recA intervening sequence with known intervening sequences indicated that it has the consensus amino acid sequence necessary for being a LAGLIDADGtype homing endonuclease (25, 26) . In light of massive gene decay and function loss in the leprosy bacillus, and dissimilarities in size and primary structures among mycobacterial inteins, we sought to investigate whether M. leprae recA intervening sequence encodes a catalytically active homing endonuclease. In this study, we show that the purified M. leprae RecA intein (PI-MleI) binds to cognate DNA and displays endonuclease activity in the presence of alternative divalent cations Mg 2ϩ or Mn 2ϩ . Furthermore, using a variety of approaches, we have mapped the positions of PI-MleI binding as well as cleavage in the cognate DNA, thus providing the most comprehensive analysis of PI-MleI. Taken together, these results suggest that PI-MleI possesses a modular structure with functionally separable domains for DNA target recognition and cleavage, each with distinct sequence preferences. These results provide insights into understanding the function and evolution of the family of LAGLIDADG homing endonucleases.
EXPERIMENTAL PROCEDURES
Reagents, Bacterial Strains, and DNA-All the chemicals used in this study are of analytical grade. Buffers were prepared using deionized water. Restriction endonucleases, T4 DNA ligase, phage T4 polynucleotide kinase, IMPACT-T7 cloning system, and chitin beads were purchased from New England Biolabs. DNA gel extraction kit was purchased from Qiagen. Nylon N ϩ membrane was obtained from GE Healthcare. Cloning primers used in this study were synthesized by Sigma Genosys. E. coli strains DH5␣ and DH10B were purchased from Invitrogen, and ER2566 was procured from New England Biolabs. Strains were grown in liquid or solid agar Luria Broth (LB) media supplemented with appropriate antibiotics.
Oligonucleotides used in this study were synthesized by Sigma Genosys, and their sequences are listed in Table 1 . The ODNs were labeled at the 5Ј end by [␥-
32 P]ATP and T4 polynucleotide kinase (27) . Cognate duplex DNA was prepared by annealing ODN1 and ODN2 at 95°C for 5 min followed by gradual cooling to room temperature. Similarly, cognate duplexes containing 2-aminopurine were prepared by annealing ODN2 or ODN1 with the respective modified complementary oligonucleotides ODN3 to ODN8. The annealed substrates were electrophoresed on a 6% (w/v) polyacrylamide gel in 45 mM Tris borate buffer (pH 8.3) containing 1 mM EDTA. The bands were excised from the gel, and radioactive or 2-AP-modified cognate duplex DNA was eluted into TE buffer (10 mM Tris-HCl (pH 7.5) and 1 mM EDTA). The concentration of the oligonucleotide substrates was expressed in terms of moles of DNA ends/liter.
Construction of M. leprae RecA Intein (PI-MleI) Target
Plasmid, pMLR-M. leprae recA, which is devoid of its intervening sequence, was PCR-amplified from the plasmid pEJ230 (kindly provided by E. O. Davis, National Institutes for Medical Research, London) using a set of overlapping primers (28) . The ϳ1.1-kb PCR product was cloned into KpnI/EcoRI site of pUC19 vector and designated as pMLR. The identity of the cloned DNA fragment and the presence of the intein/extein junction were confirmed by DNA sequencing. Negatively supercoiled DNA was prepared by sucrose density gradient centrifugation as described (29) . pMLR DNA was resuspended in a buffer containing 10 mM Tris-HCl (pH 7.5) and 1 mM EDTA. The concentration of DNA was expressed in moles of nucleotide residues.
Construction of M. leprae RecA Intein Encoding Plasmid, pTMLRI-M. leprae recA intervening sequence was PCR-amplified with gene-specific primers (forward primer, 5Ј-ATT-GGGGTGATGGCTAGCTGCATGAAT-3Ј; reverse primer, 5Ј-CGTGGTTTCCTCGAGATTGTGTACCAT-3Ј) using plasmid pEJ230 as the template. The ϳ1.1-kb PCR product was cloned into pTXB1 expression vector at the NheI/XhoI restriction site. The resulting recombinant plasmid was designated as pTMLRI, which contains M. leprae recA intervening sequence in-frame with M. xenopi gyrA mini intein and the chitin binding domain sequence (30) . The identity of the recombinant plasmid was confirmed by restriction analysis and DNA sequencing.
Expression and Purification of PI-MleI-PI-MleI was overexpressed in E. coli strain ER2566 (New England Biolabs) harboring the recombinant plasmid, pTMLRI. The transformed cells were grown in Terrific Broth medium supplemented with 100 g/ml ampicillin at 37°C to A 600 nm ϭ 0.5. PI-MleI was induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside to a final concentration of 0.05 mM. Cultures were then transferred to 15°C (model INNOVA 4230, New Brunswick Scientific), and induction was continued for 15 h. The cells were harvested by centrifugation, washed in STE (10 mM Tris-HCl (pH 8), 100 mM NaCl, and 1 mM EDTA), and resuspended in buffer A (20 mM Tris-HCl (pH 8), 1 M NaCl, 1 mM EDTA and 10% glycerol). All subsequent steps were performed at 4°C, unless mentioned otherwise. Cells (ϳ15 g) were lysed by sonication (model GEX-750, Ultrasonic Processor) on ice at 60% duty cycles in a pulse mode and centrifuged at 30,000 rpm for 60 min in Beckman Ti-45 rotor. Cell-free lysate was loaded onto a 10-ml chitin beads column pre-equilibrated with buffer A. The column was washed by passing 200 ml of buffer A followed by an additional 50 ml of buffer B (20 mM Tris-HCl (pH 8), 100 mM NaCl, and 10% glycerol) using gravity flow (2 ml/min). Cleavage was initiated by quickly flushing the column with 30 ml of buffer B containing 5 mM DTT, and the flow was stopped and incubated at 4°C for 16 h. This strategy allows efficient cleavage of PIMleI from the Mycobacterium xenopi GyrA mini intein portion of the fusion protein that remains attached to the chitin beads. The cleaved protein was eluted from the column with 100 ml of buffer B containing 5 mM 2-mercaptoethanol, and the fractions were analyzed on 9% SDS-PAGE, followed by silver staining. Fractions containing PI-MleI were pooled and precipitated by the addition of ammonium sulfate to a final concentration of 0.472 g/ml (70% saturation). The precipitate was collected by centrifugation in Beckman Ti-45 rotor at 30,000 rpm for 1 h, resuspended in buffer B, and dialyzed against storage buffer (20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM DTT and 50% glycerol). Aliquots of the dialyzed PI-MleI were stored at Ϫ20°C. The purity of PI-MleI was assessed by SDS-PAGE and Western blotting (31) with anti-intein antibody. Polyclonal antibody for PI-MleI was raised in a rabbit. The concentration of the PI-MleI protein was determined by dye binding method using bovine serum albumin as standard (32) and expressed in moles/liter.
Endonuclease Assays-Reactions (20 l) were performed in a buffer containing 25 mM Tris-HCl (pH 7.5), 3 or 5 mM MnCl 2 or MgCl 2 , 0.4 mM DTT, 16 M negatively supercoiled pMLR DNA, and PI-MleI at the indicated concentrations. Reaction mixtures were incubated at 37°C for the indicated time intervals. Reactions were stopped by the addition of 0.1% SDS followed by proteinase K (0.5 mg/ml) and deproteinized by incubation at 37°C for 15-20 min. After addition of 2.5 l of gel loading dye (0.42% (w/v) of bromphenol blue and xylene cyanol in 50% glycerol), the samples were separated by electrophoresis through 0.8% agarose gel in 89 mM Tris borate buffer (pH 8.3) containing 2 mM EDTA. The gel was stained with 0.5 g/ml ethidium bromide, and DNA bands were observed by UV illumination. Subsequently, DNA was transferred to nylon N ϩ membrane and visualized by Southern hybridization (27, 33) . Quantification of DNA bands were performed by UVI-BandMap software (UVITech gel documentation system) and plotted using GraphPad prism version 4.0.
Electrophoretic Mobility Shift Assays-Binding reaction mixtures (20 l) contained 25 mM Tris-HCl (pH 7.5), 0.4 mM DTT, 1 nM 5Ј-32 P-labeled oligonucleotide cognate duplex (88 bp) or single-stranded (88-mer) DNA, and increasing concentrations of PI-MleI. Reactions were incubated at 37°C for 30 min and stopped by the addition of 2.2 l of 10ϫ gel loading dye (50% glycerol containing 0.42% (w/v) each of bromphenol blue and xylene cyanol). The samples were electrophoresed on 6% native polyacrylamide gel in 0.5ϫ TBE (45 mM Tris borate buffer (pH 8.3) containing 1 mM EDTA) buffer at 150 V for 3 h. The gels were dried, exposed to a Fuji FLA-5000 PhosphorImager, followed by autoradiography. The bands were visualized using the software provided by the supplier. The data were quantified using UVI-BandMap and plotted in GraphPad prism version 4.0.
Mapping of PI-MleI Cleavage Sites-Reactions were carried out in a buffer containing 25 mM Tris-HCl (pH 7.5), 0.4 mM DTT, 5 mM MnCl 2 , 1 nM cognate duplex DNA (88 bp), 32 Plabeled on either upper or lower strand, and with the concentrations of PI-MleI as indicated in the figure legends. Reaction mixtures were incubated for 2 h and stopped by the addition of SDS and proteinase K to a final concentration of 0.1% and 0.5 mg/ml, respectively. The DNA was precipitated by the addition of ice-cold 95% ethanol. DNA was collected by centrifugation, and the pellets were rinsed with 70% ethanol, dried, and resuspended in loading dye (95% formamide, 10 mM NaOH, 0.2% bromphenol blue, and 0.2% xylene cyanol). Samples were heated at 95°C for 5 min, snap-chilled on ice, and loaded onto a denaturing 12% polyacrylamide sequencing gel in the presence of 7 M urea. Electrophoresis was carried out in 89 mM Tris borate buffer (pH 8.3) containing 2 mM EDTA at 1800 V and 40 watts for 3 h. The gel was dried onto a 3MM Whatman filter paper, exposed to a FLA-5000 PhosphorImager screen, and visualized using the software supplied by the manufacturer.
DNase I Footprinting-DNase I footprinting was done as described earlier (34, 35) . Binding reactions (20 l) contained 10 nM 5Ј-32 P-labeled cognate duplex DNA, 25 mM Tris-HCl (pH 7.5), 0.4 mM DTT, and increasing concentrations of PIMleI as indicated in the figure legends. Reaction mixtures were incubated at 37°C for 30 min. DNase I reactions were started by the addition of 10 l of solution containing 5 mM MgCl 2 and 5 mM CaCl 2 and DNase I to a final concentration of 0.005 units. After 1 min of incubation at 24°C, the reactions were stopped by the addition of 100 l of stop solution (20 mM EDTA, 5% SDS, 200 mM NaCl, and 25 g/l calf thymus DNA). DNA was precipitated using 95% ethanol, washed, and dried under vacuum. The DNA pellet was resuspended in formamide loading dye (80% formamide, 0.1% bromphenol blue, and 0.1% xylene cyanol), heat-denatured, and analyzed on a denaturing 12% polyacrylamide gel in the presence of 7 M urea alongside the Maxam-Gilbert G ϩ A ladder (36) . The gel was dried onto a Whatman filter paper, and the bands were visualized by Fuji FLA-5000 PhosphorImager, followed by autoradiography.
Phenanthroline-Copper (OP 2 Cu 2ϩ ) Footprinting-Reactions were performed in a buffer containing 25 mM Tris-HCl (pH 7.5), 0.4 mM DTT, 10 nM 32 P-labeled cognate duplex DNA and labeled either on upper or lower strand, and increasing concentrations of PI-MleI at 37°C for 30 min. The nuclease activity of (OP) 2 Cu 2ϩ was initiated by the addition of 2 mM 1,10-phenanthroline, 0.15 mM CuSO 4 , and 58 mM 3-mercaptopropionic acid, followed by incubation at 4°C for 30 s. Reaction was stopped by the addition of 100 mM 2,9-dimethyl-1,10-phenan-throline (5 l). DNA was ethanol-precipitated, and the pellets were washed, dried, and resuspended in formamide loading dye. Samples were heat-denatured at 94°C for 5 min followed by immediate cooling on ice and loaded onto a denaturing 12% polyacrylamide sequencing gel along with the G ϩ A ladder (36) . The gel was dried, and the bands were visualized by Fuji FLA-5000 PhosphorImager.
KMnO 4 Probing-Reaction mixtures (20 l) contained 20 mM Tris-HCl (pH 7.5), 0.4 mM DTT, 10 nM cognate duplex DNA, 5Ј-32 P-labeled either at upper or lower strand, and increasing concentrations of PI-MleI. Reaction mixtures were incubated at 37°C for 30 min after which KMnO 4 was added to a final concentration of 2 mM, and incubation was continued at 25°C for 2 min. In control reactions, no KMnO 4 was added. Reactions were quenched by the addition of 50 l of stop solution (1.5 M sodium acetate (pH 5.2), 1 M 2-mercaptoethanol, and 25 g/l calf thymus DNA), and the DNA was precipitated with ethanol. The pellet was collected by centrifugation and dried under vacuum. The modified nucleobases were cleaved with piperidine base (1 M) in a final volume of 100 l at 90°C for 30 min. Cleaved DNA was collected by centrifugation, and the residual piperidine was removed by repeated washings of the pellet with water and dried under vacuum. The pellets were resuspended in formamide loading buffer and electrophoresed through a denaturing 12% polyacrylamide sequencing gel in TBE buffer at 1800 V. The gel was dried onto a Whatman 3MM paper and exposed to Fuji FLA-5000 PhosphorImager for visualization.
DMS Protection Assay-The binding reactions were performed in the same manner as in the KMnO 4 probing assay. Briefly, reaction mixtures (20 l) contained 20 mM Tris-HCl (pH 7.5), 0.4 mM DTT, 2 nM 32 P-labeled (upper or lower strand) cognate duplex DNA and increasing concentrations of PI-MleI. Reaction mixtures were incubated at 37°C for 30 min after which DMS was added to a final concentration of 0.05%, and incubation was continued at 37°C for 2 min. In control reactions, no protein was added. Reactions were quenched by the addition of 50 l of stop solution (1.5 M sodium acetate (pH 5.2), 1 M 2-mercaptoethanol, and 0.25 g/l yeast tRNA), and the DNA was precipitated with 95% ethanol. The pellet was collected by centrifugation, extensively washed with 70% ethanol, and dried under vacuum. The modified guanines were cleaved with piperidine base (1 M) in a final volume of 70 l at 90°C for 30 min. Cleaved DNA was collected by centrifugation, and the residual piperidine was removed by repeated washings of the pellet with water and dried under vacuum. The pellets were resuspended in formamide loading buffer, heat-denatured at 94°C for 5 min, and electrophoresed through a denaturing 12% polyacrylamide gel in TBE buffer at 1800 V. The gel was dried onto a Whatman 3MM paper and exposed to Fuji FLA-5000 PhosphorImager for visualization.
Fluorescence Measurements-Reaction mixtures (300 l) contained 50 mM Tris-HCl (pH 7.5), 10 nM cognate duplex with 2-AP substitution, and increasing concentrations of PI-MleI as indicated in the figure legends. Fluorescence excitation and emission spectra were recorded using a Jobin Yvon (Horiba) Fluromax-3 fluorimeter. The samples were excited at 315 nm , and the fluorescence emission was recorded in the wavelength range of 330 -450 nm at 1-nm intervals. The excitation and emission monochromators were set with bandpasses of 5 and 6 nm, respectively. The emission spectra were corrected for lamp fluctuation and instrumental variation. The background emission as well as tryptophan fluorescence were corrected by subtractions of control spectra, where 2-AP fluorophore was replaced by adenine. Fluorescence measurements were carried out in a 5 ϫ 5 mm cuvette at 30°C. The binding curves were derived from the integrated spectra from at least three independent measurements and normalized to the value obtained for the modified duplex in the absence of protein.
RESULTS

Sequence Alignment of M. tuberculosis and M. leprae RecA
Intein-M. tuberculosis and M. leprae recA open reading frames contain an in-frame insertion of intein-coding sequences, thus leading to the synthesis of precursor RecA proteins of 85 and 79 kDa, respectively (8, 9) . These undergo protein splicing to generate mature 38-kDa RecA proteins and inteins (9, 10) . However, M. tuberculosis and M. leprae RecA inteins differ in their size, amino acid sequence, and location within the recA gene. As shown in Fig. 1 , the sequences of PIMtuI and PI-MleI can be aligned over their entire length. However, seven distinct regions of the alignment feature gaps in PI-MleI, with longer gaps in the C-terminal region. Pairwise comparison of the deduced amino acid sequence using ClustalW suggested that PI-MleI shares 22% primary sequence identity with PI-MtuI, although both belong to the large family of LAGLIDADG homing endonucleases. Comparative sequence analysis also revealed that several positions in the alignment show 80 strictly conserved amino acids and 43 residues conserved in similarity. Importantly, sequence alignment identified the presence of a Walker ATP-binding motif (P-loop   126   GWVGGKT   132 ) in PI-MtuI, but not in PI-MleI; however, both contained two copies of the consensus LAGLIDADG motif (Fig. 1) . The low level of sequence conservation between PI-MtuI and PI-MleI contrasts sharply with the high degree of conservation (Ͼ90%) that exists between M. tuberculosis and M. leprae RecA proteins.
Expression and Purification of Recombinant PI-MleI-To ascertain whether the M. leprae recA intervening sequence encodes a catalytically active homing endonuclease, we chose to overproduce it in E. coli using the IMPACT-T7 system, which allows protein production and purification under native conditions. The recombinant plasmid, pTMLRI, containing M. leprae recA intervening sequence was transformed into E. coli strain ER2566, and expression of the fusion protein was induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside. Analysis of cell lysates by SDS-PAGE and Coomassie Blue staining indicated that PI-MleI accumulated as a fusion protein of 66 kDa (Fig. 2, lane 2) . A rapid method was developed for purification of PI-MleI involving lysis of cells, chitin-affinity chromatography, and DTT-initiated on-column cleavage under conditions as described under "Experimental Procedures." The elution of PI-MleI from the chitin affinity matrix was monitored by SDS-PAGE and Coomassie Blue staining, was found to be Ͼ97% homogeneous, and corresponded to the predicted size of ϳ41 kDa (Fig. 2, lane 3) . The fractions containing PI-MleI were pooled; protein was precipitated with ammonium sulfate, and the pellet was resuspended in a buffer containing 20 mM Tris-HCl (pH 8), 100 mM NaCl, and 10% glycerol and dialyzed against storage buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM DTT, and 50% glycerol. The identity of the purified PI-MleI was ascertained by sequencing nine amino acid residues at the N-terminal end and was found to correspond to the M. leprae RecA intein-encoding sequence and Western blot analysis using anti-PI-MleI antibody. Purified PI-MleI was devoid of 5Ј 3 3Ј-or 3Ј 3 5Ј-exonuclease activities (data not shown). Protein cross-linking experiments using glutaraldehyde suggested that PI-MleI exists in solution as a monomer, consistent with the double-motif LAGLIDADG enzymes (18 -22) (data not shown).
PI-MleI Binds to Single-and Double-stranded Cognate DNATo explore the biochemical functions of recombinant PI-MleI, we carried out a detailed investigation of its DNA binding specificity under different conditions. The electrophoretic mobility shift assay serves as a simple and rapid method to study the specificity of interaction between proteins and nucleic acids, and as a tool to measure the extent of the formation of proteinnucleic acid complexes (37, 38) . To determine whether PI-MleI is able to recognize different forms of DNA, reactions were first performed with a fixed amount of 32 P-labeled 88-bp recA intein-less allele, containing the homing site, hereafter referred to as the cognate DNA, and increasing concentrations of PIMleI in the absence of divalent cations Mg 2ϩ or Mn 2ϩ . The reaction mixtures were analyzed by electrophoretic mobility shift assay and visualized by autoradiography. Fig. 3A shows that as the concentration of PI-MleI increased from 50 to 500 nM, and robust binding was observed with the formation of a discrete DNA-PI-MleI complex. To learn more about the binding of PI-MleI to DNA, parallel experiments were performed to assess binding of PI-MleI to cognate single-stranded DNA. We incubated 88-mer DNA with increasing concentrations of PIMleI, and the reaction mixtures were analyzed as described above. Consistent with previous studies with other LAGLI-DADG enzymes (12) , the extent of PI-MleI binding to singlestranded DNA was substantially less, compared with cognate double-stranded DNA (Fig. 3B) . Although ssDNA used in this experiment lacks the secondary structure, we cannot entirely rule out the possibility that the binding is associated with partial duplex generated by self-annealing of complementary regions within the single-stranded DNA. The extent of the formation of PI-MleI-DNA complexes was quantified and expressed as percentage of total DNA bound by PI-MleI (Fig. 3C) . These results are consistent with other LAGLIDADG enzymes, including I-AniI (39), PI-PfuI (40), PI-PfuII (40), and PI-MtuI (12) .
Next, we sought to assess the stability of the PI-MleI-DNA complex by challenging the protein-DNA complex with increasing concentrations of salt. The stability of PI-MleI-DNA complexes was measured by the addition of increasing concentrations of NaCl in the assay buffer. The data showed that the salt titration midpoint for PI-MleI binding for cognate duplex DNA is ϳ0.3 M and is ϳ0.1 M for single-stranded DNA (supplemental Fig. 1, A-C) . The affinity of PI-MleI to cognate duplex DNA was tested by competition reactions with molar excess of unlabeled cognate duplex DNA (88 bp). The data from a series of experiments indicated that a 10-fold higher concentration of the cold competitor DNA was necessary to reduce specific binding of PI-MleI by 50% (data not shown).
PI-MleI Displays Double Strand-specific Endonuclease Activity-Having established stable and specific binding of recombinant PI-MleI to the cognate duplex DNA, assays for its endonuclease activity were performed as described under "Experimental Procedures." To this end, we monitored the con- version of negatively supercoiled DNA (form I) to form II and/or form III DNA, a widely used sensitive method for quantification of endonuclease activity (12, 13) . Cleavage assays were carried out by mixing PI-MleI with form I pMLR DNA containing the intein-less recA allele, the natural recognition sequence of PI-MleI, as the substrate in the presence of 5 mM Mg 2ϩ or Mn 2ϩ . After incubation, the reaction mixtures were deproteinized, and the products were separated by gel electrophoresis and visualized by Southern hybridization followed by autoradiography. As shown in Fig. 4 (lanes 3 and 7) , incubation of pMLR DNA with PI-MleI, in the presence of Mg 2ϩ or Mn 2ϩ , resulted in the appearance of two discrete cleavage products with mobility similar to that of the nicked circular (form II) and linear duplex DNA (form III). PI-MleI was able to generate detectable amounts of form II DNA in the absence of exogenously added Mg 2ϩ or Mn 2ϩ (Fig. 4, lanes 2 and 6) . The generation of form II DNA during the reaction prior to form III DNA product suggests that the reaction catalyzed by PI-MleI proceeds through a two-step reaction. Importantly, PI-MleI cleaved the substrate containing intein-less recA allele in the presence of either Mg 2ϩ or Mn 2ϩ , yielding products of the same size. It is likely that the cleavage observed in the absence of exogenously added Mg 2ϩ or Mn 2ϩ was because of endogenously bound divalent cation. Consistent with this notion, when the enzyme-bound divalent cations were depleted by the addition of EDTA, the reaction was completely inhibited (Fig. 4,  lanes 4 and 8) . Taken together, these results suggest that in the reaction catalyzed by PI-MleI, nicked circular duplex DNA and unit length linear duplex DNA are produced as the intermediate and final product, respectively. PI-MleI endonuclease activity was assayed under different conditions, with varying concentrations of divalent cations, pH, and temperature. PI-MleI activity showed a broad divalent cation, pH, and temperature dependence (Fig. 5) . PI-MleI displayed optimal catalytic activity between 2 and 5 mM Mn 2ϩ (Fig. 5A) , in the pH range of 5.5-7.5 (Fig. 5B) . In the presence of Mg 2ϩ , however, the pH range was 6 -9.5 (Fig. 5C) . Similarly, the optimal cleavage activity occurred at 30 -45°C in the presence of 3 mM Mn 2ϩ (Fig. 5D ) or Mg 2ϩ (data not shown). The maximum catalytic activity of PI-MleI observed in the presence of 1-5 mM Mn 2ϩ or Mg 2ϩ is comparable with that of other homing endonucleases (12, 41, 42) . Although a majority of known homing endonucleases requires 3-5 mM divalent cations for their optimal activity, PI-TfuI (Thermococcus fumicolans) displays its maximum catalytic activity in the presence of 25 mM Mn 2ϩ (43) . PI-MleI showed different cleavage efficiencies 1 and 5) or presence (lanes 2-4 and 6 -8 , and Ni 2ϩ at varying concentrations, allowed partial or no activity (data not shown). The cation dependence of PI-MleI endonuclease activity is similar to other members of LAGLIDADG family of endonucleases, including PI-SceI (44), I-CreI (41), PI-PfuI (42), and PI-MtuI (12) .
Previously, we showed that the homing endonuclease activity of PIMtuI, but not its binding to DNA, was tightly coupled to that of its ATPase activity (12, 45) . To investigate the probable effect of nucleotide cofactors on the endonuclease activity of PI-MleI, we performed a series of reactions in the presence of 5 mM Mn 2ϩ and 1.5 mM ATP, ATP␥S, or ADP. Consistent with the lack of Walker A and B motifs in PI-MleI, the nucleotide cofactors had no stimulatory effect on the endonuclease activity (supplemental Fig. 2) . However, the nucleotide cofactors caused a modest level of inhibition on PIMleI endonuclease activity (supplemental Fig. 2, compare lane  2 with lanes 3 and 4) . The observed differences in cleavage efficiencies of PI-MleI may likely be due to the nonspecific effect of nucleotide cofactors. To test whether endonuclease activity is either intrinsic to PI-MleI or due to a contaminating endonuclease, two different types of assays were performed. First, deproteinized form III DNA generated by PI-MleI was found to be resistant to further cleavage by PI-MleI. Second, form III DNA produced by PI-MleI on further digestion, with either EheI or Eam1105I, must generate discrete fragments of duplex DNA. As expected, both EheI and Eam1105I cleaved form III DNA into fragments of predicted size (supplemental Fig. 3 ), suggesting that PI-MleI cleaves at the recognition site located within the intein-less recA allele. These experiments excluded the possibility of a contaminating nuclease activity and confirmed that cleavage is a direct consequence of specific cleavage by PI-MleI at the insertion site.
Effect of Ionic Strength on DNA Cleavage by PI-MleI-The assay buffer contained 25 mM Tris-HCl and 3 mM MnCl 2 or MgCl 2 , which is comparable with standard conditions used in studies with other homing endonucleases (12, 13, 41) . We therefore wished to test the effect of increasing ionic strength on PI-MleI endonuclease activity. DNA cleavage assays were performed in the assay buffer containing increasing concentrations of NaCl or potassium glutamate. The data in Fig. 6 suggest that DNA cleavage efficiency of PI-MleI was optimal at 50 mM NaCl, but further increases in NaCl concentrations resulted in a rapid decline in activity. On the other hand, PI-MleI was able to tolerate the presence of relatively higher concentrations of potassium ions. The salt titration midpoint, the concentration at which one-half of the endonuclease activity is inhibited, differs in regard to the generation of form II and form III DNA (Fig. 6B) . A similar inhibitory effect of NaCl and potassium glutamate has been reported previously for PI-MtuI activity (12) . We note that potassium salts of glutamate and to a lesser extent acetate, which exist at an intracellular concentration of Ͻ0.5 M, are considered to be the physiologically relevant intracellular ions (46) . The inhibitory effect of salts on the endonuclease activity corroborate with the reduced DNA binding (supplemental Fig. 1) .
Kinetics of the DNA Cleavage Reaction-To gain more insights into the mechanism of DNA cleavage, we carried out steady-state kinetics experiments on PI-MleI using pMLR form I DNA as the substrate in the presence of Mn 2ϩ . Fig. 7A shows the time course of cleavage reaction. Typically, ϳ21% cleavage products were generated in a 120-min reaction at 37°C, a result similar to that observed with other LAGLIDADG-type homing endonucleases (12) . Fig. 7B shows the plot of substrate concentrations versus cleavage rate. The kinetic constants were determined from Lineweaver-Burk plots representing initial velocity versus substrate concentrations, and corresponding standard deviations were obtained by linear least squares analysis of the Lineweaver-Burk plots (data not shown). These data indicate that PI-MleI obeyed Michaelis-Menten kinetics, resulting in a K m of 2.1 M, V max 0.27 M min Ϫ1 , and a k cat of 0.68 min Ϫ1 . Each constant represents the average of three experiments. These values are similar to those reported previously for PIMtuI cleavage of form I DNA containing its noncognate substrate (13) . Furthermore, the extremely low k cat value corroborates with that of a number of intein-encoded and intronencoded homing endonucleases (13, 41, 47) .
PI-MleI Cleaves Away from the Intein Insertion
Site-To investigate the PI-MleI endonuclease activity in greater detail and to map its cleavage site, we used 32 P-labeled 88-bp cognate DNA substrates containing the intein-less recA allele. DNA substrates, which were 5Ј end-labeled with [␥-32 P]ATP on either the upper or lower strand, were incubated in the absence or presence of increasing concentrations of PI-MleI in standard assay buffer containing Mn 2ϩ . The cleavage products were then separated on denaturing polyacrylamide gels alongside sequencing ladders generated from ssDNA of the same 5Ј endlabeled substrate by Maxam-Gilbert chemical cleavage reaction (36) . Upper strand cleavage is shown on Fig. 8A and lower strand cleavage on Fig. 8B . Precise mapping of the cleavage sites in the upper and lower strands of each substrate revealed that PI-MleI inflicts breaks not at the recA intein insertion site but away from it. It should be noted that PI-MleI shows a bias in cleavage efficiency; it cleaves at a distal site on the upper strand 4 -6-fold more efficiently than at the proximal site. Cleavage on both strands results in a staggered double strand break with long 5Ј single-stranded overhangs, in contrast to most known LAGLIDADG-type endonucleases that recognize long DNA sequences surrounding the intervening sequences of their own introns/inteins and produce 4-nucleotide 3Ј overhangs (42, 48, 49) . The extent of cleavage was estimated from the density of each band, and they were aligned to allow comparison. As shown in Fig. 8C , cleavage was observed at two sites (at nucleotide positions Ϫ44 and Ϫ47) on the upper DNA strand (lanes 4 -6, Fig. 8A ) and at four sites (at nucleotide positions ϩ16, ϩ23, ϩ24 and ϩ25) on the lower DNA strand (lanes 4 -6, Fig.  8B ). Fig. 8C summarizes the results and shows the location of the strand breaks on the cognate DNA containing intein-less M. leprae recA sequence.
PI-MleI Binds Asymmetrically to the Sites Flanking the Intein Insertion
Site-To gain more detailed insight into boundaries of the cognate DNA sequence bound by PI-MleI, we employed DNase I protection assay, which allows the identification of protein-binding sites at a single base resolution (34, 50) . PIMleI complexes formed with 32 P-labeled 88-bp cognate DNA substrate, labeled either on the upper or lower strand, was subjected to limited cleavage by DNase I, and the resulting products were separated by PAGE in the presence of 7 M urea and analyzed by autoradiography. Protection of specific regions could be discerned on both the strands of cognate DNA (Fig. 9,  A and B) . Superimposition of the protected bases in the cognate DNA substrate showed that the protected area, each covering 16 nucleotide residues on the upper strand and 12 nucleotide residues on the lower strand (bases enclosed within the boxed area), is located within two clearly defined nonoverlapping regions flanking the intein-insertion site (Fig. 9C) . The two protected areas were separated by an intervening region that remained unprotected. Such a pattern is characteristic for a sequence-specific DNA binding and indicates that PI-MleI binding to the cognate duplex DNA is unlikely to be mediated by nonsequence-specific recognition of the target site. We next analyzed the pattern of PI-MleI binding to the cognate DNA by (OP) 2 Cu 2ϩ , a chemical nuclease that cleaves the phosphodiester backbone of DNA or RNA (51) . The advantage of using (OP) 2 Cu 2ϩ nuclease compared with DNase I is that being a small molecule the former cleaves closer to the edges of DNA sequences protected by protein binding and thereby gives finer details of the protein-DNA interaction (51) . Reactions were performed with 32 P-labeled 88-bp cognate DNA substrate, labeled either on the upper or lower strand, in the absence or presence of PI-MleI, and the reaction products were analyzed as described under "Experimental Procedures." Protection of specific regions could be discerned on both the strands of cognate DNA (Fig. 10, A and B) . The superimposition of the protected bases on both the strands in the cognate DNA substrate revealed the same protected regions as seen with DNase I footprinting (refer to Fig. 9C and Fig. 10C ). DNase I FIGURE 9. Mapping of PI-MleI binding at the homing site by DNase I footprinting. DNase I footprinting was performed on both the upper (A) and lower (B) strands in reactions containing 10 nM duplex DNA (88 bp) encompassing M. leprae intein-less recA sequence and 32 P-labeled either at the upper or lower strand in the absence (lane 2) or presence of 100, 250, and 500 nM PI-MleI (lanes 3-5) . Reactions were terminated, and the samples were electrophoresed on a 12% denaturing polyacrylamide gel and visualized as described under "Experimental Procedures." Lane 1, Maxam-Gilbert G ϩ A ladder. The brackets mark the protected regions, and the arrow denotes the insertion site. C, summary of footprinting data for the binding of PI-MleI showing the regions of DNase I protection (boxed regions) on both upper and lower DNA strands, respectively. protection and (OP) 2 Cu 2ϩ probing data reveal that PI-MleI binds to nonoverlapping regions of cognate DNA flanking the intein-insertion site asymmetrically, a pattern reminiscent of I-SceI (52), I-CreI (41), and PI-SceI (53) . Taken together, the data clearly demonstrate that the PI-MleI-binding site is located adjacent to the recA intein insertion site. 3 and 4) . Reactions were terminated, and the samples were electrophoresed on a 12% denaturing polyacrylamide gel and visualized as described under "Experimental Procedures." Lane 1, Maxam-Gilbert G ϩ A ladder. The vertical bars denote the protected regions, and the arrow denotes the site of insertion. C, summary of footprinting data for the binding of PI-MleI showing the regions of protection (horizontal bars) on both upper and lower DNA strands, respectively.
Chemical Probing of PI-MleI-Cognate DNA Complex-The absence of PI-MleI footprint at the cleavage site was surprising. We reasoned that binding might not be stable at this site; however, its interaction might induce variations in DNA structure such as alterations in base-pairing positioning or strand separation. We note that there are examples of enhanced cleavage in the absence of clear footprints. To explore these possibilities, we used KMnO 4 as a probe to analyze the structure of PI-MleI-DNA complexes. KMnO 4 readily oxidizes C-5-C-6 double bond of unstacked or unpaired thymine, and to a lesser extent cytosine (54) , and thus is likely to provide insights into the helical distortion of cognate duplex DNA caused by PI-MleI binding. Reactions were performed in the absence or presence of increasing concentrations of PI-MleI, followed by treatment with KMnO 4 , and then the reaction products were analyzed as described under "Experimental Procedures." Notably, KMnO 4 treatment of PI-MleI-cognate DNA complexes revealed the absence of hypersensitive T residues within the PI-MleI binding regions, either on the upper or lower strands. Interestingly, hypersensitive T residues were detected on both the strands at the cleavage sites (Fig. 11, A and B, lanes 4 -7) . Surprisingly, hypersensitive T residues were not seen at or near the intein insertion site or in the region between binding and cleavage sites. Under these conditions, control reactions showed no such reactivity of T residues (Fig. 11, A and B, lanes 2 and 3, respectively) . Quantitative gel scans of three separate experiments support this assessment. We interpret that the hyper-reactivity of T residues may represent helical distortions arising from the interaction of PI-MleI at the cleavage sites.
PI-MleI Interactions within the Major and Minor
GroovesTo gain more information on PI-MleI-DNA interactions, methylation protection assays were carried out using dimethyl sulfate (DMS) as the modifying agent. DMS methylates guanine residues at N-7 in the major groove and adenine residues weakly at N-3 in the minor groove of double-stranded DNA (55) . When bound to specific DNA residues, proteins can decrease or intensify the reactivity of purine residues to DMS, compared with naked DNA (56) . DMS protection experiments were performed in which PI-MleI was incubated with 32 P-labeled cognate duplex DNA, and the resulting complexes were reacted with DMS (see "Experimental Procedures"). Interestingly, two G residues (G Ϫ19 and G Ϫ22 ) in the upper strand within the DNase I footprint were strongly protected from modification by DMS (see supplemental Fig. 4A ). On the other hand, two G residues (G ϩ2 and G ϩ4 ) were protected on the lower strand within the DNase I-footprinted region from methylation (see supplemental Fig. 4B ). These results indicate that, although there are interactions of PI-MleI in the major groove, they do not account for the 16 to 12-bp protection observed in the DNase I footprint; instead, they are limited to contacts with specific bases at the recognition sites.
PI-MleI Distorts Cognate DNA Substrate at the Cleavage but Not at the Recognition Region-Because of the differences in the manifestation of hypersensitive T residues between PI-MleI DNA-binding and cleavage sites, we felt it necessary to verify these findings by an independent approach. In addition, we wished to test whether alterations occurred on all substrate DNA molecules or on a small subpopulation of target molecules. To this end, we used six cognate duplex DNA molecules each containing 2-AP at the indicated position (Table 1) , as a probe to monitor helical distortions in the target DNA (57) . In one substrate, 2-AP was incorporated at the insertion site; and in the second, 2-AP was embedded in the DNA binding region. Similarly, in other substrates, 2-AP was substituted in the spacer region between the binding and cleavage sites and immediately adjacent to the cleavage site in the upper or lower strands. We incubated the 2-AP containing cognate DNA with increasing concentrations of PI-MleI in the assay buffer and monitored the changes in 2-AP fluorescence intensity in the spectral region from 330 to 450 nm. Fig. 12 shows the 2-AP fluorescence emission spectra as a function of increasing concentrations of PI-MleI. The cognate substrate containing 2-AP at the cleavage sites displayed enhancement of fluorescence with increasing PI-MleI concentration, with maximal change of about 6-fold, and then plateaued (Fig. 12, C and D) . In contrast, the substrates that contained 2-AP at the insertion site, PIMleI-binding site, or immediately adjacent to the cleavage sites showed only small changes (Fig. 12, A, B , E, and F). These observations corroborate the hypersensitivity of T residues at the cleavage sites (Fig. 11 ) and are compatible with the notion of nucleotide flipping/helical distortion, which has been shown to enhance 2-AP fluorescence to varying extents in the presence of a variety of nucleic acid-binding proteins (58 -61) .
DISCUSSION
In this study, we show that PI-MleI binds to cognate DNA containing the homing site and displays endonuclease activity in the presence of alternative divalent cations, Mg 2ϩ or Mn 2ϩ . A combination of approaches, including four complementary footprinting assays (DNase I, copper-phenanthroline, KMnO 4 , and methylation protection), enhancement of 2-AP fluorescence, and mapping of the cleavage site revealed that PI-MleI binds to cognate DNA flanking its insertion site, induces helical distortion at the cleavage site(s) but not at the binding site(s), and generates two staggered double strand breaks (Fig. 13) . These results suggest that PI-MleI cleavage sites are located at 20 and 4 bp away (on the upper and lower DNA strands, respectively) from its binding site, and implicate that PI-MleI possesses a modular structure with separate domains for DNA target recognition and cleavage (Fig. 13) . In summary, these findings disclose that the structural and mechanistic aspects of PI-MleI are distinct from other well characterized LAGLI-DADG-type homing endonucleases.
Inteins in Mycobacteria-Since the first discovery of an intein in S. cerevisiae TFP1 gene (also designated VMA1), which encodes the 69-kDa catalytic subunit of the vacuolar H ϩ -ATPase (14, 15) , intein-encoding sequences have been reported from all three phylogenetic domains as follows: bacteria, eukarya, and archaea (16 -19) . Sequence analysis of the genomes of 39 mycobacterial strains revealed that intein-encoding sequences are found embedded in their recA gene. However, they are inserted at two distinct sites, RecA-a and RecA-b, respectively, at the RecA-a site in M. tuberculosis and at the RecA-b site in Mycobacterium chitae, Mycobacterium fallax, Mycobacterium gastri, Mycobacterium shimodei, and Mycobacterium thermoresistibile. The latter corresponds with the M.
leprae RecA allelic family (62) . The occurrence of inteins in the two obligate mycobacterial pathogens, M. tuberculosis and M. leprae, was initially thought to be associated with virulence (9).
However, subsequent studies showed that the presence of inteins does not correlate with specific characteristics of the species such as pathogenicity or growth rate (62). Comparative analysis revealed that the degree of primary sequence conservation between PI-MtuI and PI-MleI is 22%, although both belong to the large family of LAGLIDADG homing endonucleases. M. tuberculosis inactive RecA precursor undergoes splicing in E. coli, whereas splicing of M. leprae precursor RecA does not occur in E. coli, but mature RecA protein is generated in Mycobacterium smegmatis (9 -11) . Intriguingly, in contrast to the genomes of other obligate parasites, the degenerate M. leprae genome retains the recA intervening sequence; it would thus be interesting to check if it encodes a catalytically active LAGLIDADG-type homing endonuclease. The dodecapeptide sequence is positioned not only in homing endonucleases encoded by group I and archaeal introns but also in homothallic switching endonuclease (63) . Enzymes possessing the LAGLI-DADG motif cleave DNA within their recognition sequences to leave 4-base 3Ј-hydroxyl overhangs (42, 48, 49) . The recognition sequences are generally asymmetrical and long, with sizes of 12-40 bp (18 -22) .
DNA Binding Properties of PI-MleI-Several lines of evidence suggest that homing endonucleases bind DNA in a site-specific but sequence-tolerant fashion (18 -22) . Sequence homology comparisons revealed that PI-MleI belongs to the family of LAGLIDADG homing endonucleases (25, 26) . Our electrophoretic mobility shift assay results showed that PI-MleI binds specifically to cognate duplex DNA. A distinct complex was seen in these gel shift experiments, and the complex was disrupted at relatively low concentrations of NaCl. The quantitative assessment of its substrate specificity indicates that the presence of the homing site in the cognate DNA is required to achieve maximal binding affinity. Using a similar strategy, we observed that PI-MleI binds to single-stranded DNA containing the homing site, albeit less efficiently, which is in good 
TABLE 1 Oligonucleotides used in this study
The underlined A residues indicate the position of 2-AP substitution in the oligonucleotide sequence.
Oligonucleotide
Sequence
agreement with the substrate specificity of PI-MtuI (12) and other LAGLIDADG-type homing endonucleases. This reduction in binding specificity to single-stranded DNA correlates with its inability to exhibit single-strand nicking activity. These results suggest that binding of PI-MleI to double-stranded cognate DNA is of potential functional significance, whereas its binding to single-stranded cognate DNA could be fortuitous. DNA Target Recognition and Cleavage by PI-MleI-Many homing endonucleases are known to have a single biologically relevant DNA target sequence, the homing site, centered on the intron/intein insertion site of intron/intein-less alleles (18, 19) . Our results suggest that PI-MleI, like other LAGLIDADG-type homing enzymes, is a site-specific endonuclease. Like other members of the family of homing endonucleases, the activity was seen in the presence of both magnesium and manganese; however, slightly higher activity was observed in the presence of manganese. Homing endonucleases recognize and cleave widely divergent intron/intein insertion sites ranging from 15 to 40 bp (18 -23) . The longer recognition sequence of these enzymes is believed to ensure that the cleavage of the host genome is minimized, because the target sequences are likely to be present in a single or few copies (18 -23) . PI-MleI introduced staggered double strand breaks in the homing site by nicking in the left flanking sequence 44 -47 bp and in the right flanking sequence 16 -25 bp, away from the intein insertion site. Interestingly, PI-MleI shows differences in the extent of cleavage between the left and right sites flanking the intein insertion site. One explanation for the reactivity differences is that PI-MleI initiates the process of insertion of the intein into the intein-less allele on the left cleavage site.
Although it seems unusual, we note that similar cleavage patterns have been observed for several other homing endonucleases. For example, I-TevI cleaves its homing substrate at 23 bp in the left flanking sequence (64, 65) ; I-TevII cuts its homing site at 15 bp in the right flanking sequence (64); PI-MtuI cleaves its homing site 24 bp in the left flanking sequence (12) , and PI-MgaI recognizes 22-bp region around its intein insertion site preferentially in the left flanking sequence (48) . These observations are in accord with many homing endonucleases from archaeal, eubacterial, and eukaryotic organisms ( Table 2) . Mutagenesis and co-crystal structures have shown that the sequence recognition is flexible and that both sides of the cleavage sites are important (66 -68) . Also, the intein-encoded LAGLIDADG-type enzymes have extended C-terminal sequences as compared with the intron-encoded species making it likely for PI-MleI to recognize and cleave sequences at a dis- tance. Although these results fulfill the criteria of LAGLI-DADG-type enzymes, it should be noted that PI-MleI was able to convert 20 -25% of substrate to the product as compared with the robust conversion of 70 -80% substrate by other LAGLIDADG-type homing enzymes. One possible explanation for the low efficiency of PI-MleI cleavage might be due to a more constrained structure adopted by PI-MleI as compared with other LAGLIDADG-type homing enzymes. In this context, previous studies have shown that the rates of nucleic acid synthesis are 10 -18-fold lower in M. tuberculosis as compared with E. coli (69, 70) . Alternatively, it is possible that the cleavage efficiency exhibited by PI-MleI in vivo may exceed the in vitro activity through the participation of accessory factors. However, it is not clear why there is a spacer region embedded between DNA target recognition and cleavage, and this point requires further study.
Molecular Architecture of the PI-MleI Homing Site-To effect cleavage of its cognate DNA substrate, PI-MleI, like the other members of the LAGLIDADG family, requires a long and asymmetric sequence. The data from footprinting experiments provided information about the sequence specificity and groove occupancy of PI-MleI. As in the case of I-SceI (52) and other proteins, the copper-phenanthroline footprinting approach further suggests the involvement of minor groove interactions in target recognition by PI-MleI (51) . The data from both the footprinting approaches unveiled the interaction of PI-MleI with a region upstream and downstream of its own insertion site, conferring protection to 16 nucleotide residues on the upper strand and 12 nucleotide residues on the lower strand, respectively. The asymmetric footprints have been observed earlier for other LAGLIDADG-type endonucleases such as I-CreI (41) and I-SceI (52) wherein protection on the complementary strands was found to be out of register by 2-3 nucleotides, respectively. In case of PI-MleI, however, the footprint formed on the complementary strands of the homing site is nonoverlapping, indicating the asymmetric mode of interaction of the enzyme. Paradoxically, these two methods failed to detect functional interaction of PI-MleI at the cleavage site. KMnO 4 probing experiments unveiled the interaction of PIMleI at the cleavage site leading to the helical distortion of DNA sequence around the cleavage sites. In agreement with this, 2-AP fluorescence measurements provided corroborative evidence that PI-MleI binding was accompanied by helical distortion at the cleavage sites. The nonoverlapping binding of PIMleI with its target sequence may be facilitated by its ability to stabilize significant distortions upon binding to two very distant regions of the cognate DNA substrate. Several lines of evidence suggest that enzymes that bind duplex DNA distort the substrate to widen the minor groove at the cleavage site and make the scissile phosphates accessible to the enzyme active site (52) . Accordingly, the stabilization of a distorted DNA double helix appears to be a common requirement for the homing endonucleases (52, 53) . The crystal structures of PI-SceI (71), I-DmoI (72), and PI-PfuI (73) and of the proteins I-CreI or I-SceI complexed to their DNA target (66, 68) suggest that these enzymes use a similar mechanism to recognize and cleave their long DNA targets.
Taken together, our data provide compelling evidence that the PI-MleI homing site can be divided into two regions as follows: DNA target recognition and cleavage regions (Fig. 13) , and each region interacts differently with the enzyme. Furthermore, the schematic view also provides a composite picture of DNA binding, helical distortion, and cleavage of PI-MleI as deduced from DNase I, (OP) 2 Cu 2ϩ , DMS footprinting, KMnO 4 probing, enhancement of 2-AP fluorescence, and mapping of the cleavage sites. We note that the molecular architecture of PI-MleI is seemingly analogous to I-TevI, i.e. consisting of three distinct modules as follows: DNA binding domain, endonuclease domain, and a linker connecting the two domains. Recent studies have also shown that I-TevI functions as a transcriptional repressor and inhibits its own expression through direct association with the operator/promoter (74) .
In summary, our investigations show that PI-MleI possesses a modular structure with separate domains for DNA target recognition and cleavage, each with distinct sequence preferences. In vivo, the modular structure of PI-MleI may minimize the potentially harmful effects of nonspecific cleavages in the host genome, while maximizing its ability to recognize and cleave cognate DNA or closely related variants. For example, there seems to be no sites for PI-MleI in the E. coli genome because overproduction of the enzyme had no toxic effects on growth. The highly modular structures and tightly coupled mechanisms of DNA recognition and cleavage of homing enzymes are being exploited as potential reagents for gene targeting in cultured cells or organisms to re-engineer their genomes in vivo (75) . The long and asymmetric sequence required by PI-MleI provides clues as to how the LAGLIDADG-type enzymes can rapidly gain new DNA specificity to regulate the movement of their encoding genes to new genomic sites. 
